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Hox genes encode DNA binding transcription factors that regulate the body plans of metazoans by regulating the expression of downstream
target ‘realizator genes’ that direct morphogenesis and growth. Although some Hox target genes have been identified, the code used by Hox
proteins to select regulatory targets remains elusive. This failure is due, in part, to the overlapping and promiscuous DNA binding potential of
different Hox proteins. The identification of cofactors that modulate Hox DNA binding specificity suggested that target site selection is specified
by composite binding sites in the genome for a Hox protein plus its cofactor. Here we have made use of the fact that the DNA binding specificity
of the Drosophila Hox protein Fushi Tarazu (Ftz) is modulated by interaction with its partner, the orphan nuclear receptor Ftz-F1, to carry out a
computational screen for genomic targets. At least two of the first 30 potential target genes – apontic (apt) and sulfated (Sulf1) – appear to be
bona fide targets of Ftz and Ftz-F1. apt is expressed in stripes within the Ftz domain, but posterior to engrailed (en) stripes, suggesting a
parasegmental border-independent function of ftz. Ftz/Ftz-F1 activate Sulf1 expression in blastoderm embryos via composite binding sites. Sulf1
encodes a sulfatase thought to be involved in wingless (Wg) signaling. Thus, in addition to regulating en, Ftz and Ftz-F1 coordinately and directly
regulate different components of segment polarity pathways in parallel.
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Pattern specification during Drosophila melanogaster
embryogenesis is controlled by a cascade of transcription
factors (reviewed in Akam, 1987; St. Johnston and Nusslein-
Volhard, 1992). Subsequent segment morphogenesis and
differentiation are affected by the downstream transcriptional
targets of the segmentation genes. Elucidating these targets
would provide a link between pattern specification and
morphogenesis. The Hox genes are an important class of
regulatory genes that pattern the body plans of metazoans.
Although many Hox target genes have been identified
(reviewed in Pearson et al., 2005), it is not yet possible to
predict targets in whole genomes based upon known Hox
protein binding specificities. This is in part because of the
overlapping and promiscuous binding specificity of Hox⁎ Corresponding author.
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doi:10.1016/j.ydbio.2006.07.007monomers (Beachy et al., 1988; Biggin and McGinnis, 1997;
Desplan et al., 1985; Florence et al., 1991; Laughon, 1991;
Muller et al., 1988; Nelson and Laughon, 1990; Odenwald et
al., 1989; Pick et al., 1990; Yu et al., 1997). The finding that
DNA binding cofactors influence Hox target selection by
raising their affinity for heterodimeric Hox/cofactor binding
sites (Mann and Chan, 1996; Yu et al., 1997) suggests that Hox
genomic target sites will be predicted by searches for such
composite sites (Michelson, 2002). The derived Hox protein
Fushi Tarazu (Ftz) is an ideal test case for this proposition.
ftz is a pair-rule segmentation gene encoding a home-
odomain-containing transcription factor that designates
regions of the cellular blastoderm to become even-numbered
parasegments (Carroll and Scott, 1985; Hafen et al., 1984;
Hughes et al., 2004; Kuroiwa et al., 1984; McGinnis et al.,
1984; Nusslein-Volhard and Wieschaus, 1980; Scott and
Weiner, 1984; Wakimoto et al., 1984). ftz is located in the
Drosophila complex of homeotic genes (HOM-C) and
evolved from an ancestral homeotic gene (Dawes et al.,
79T. Bowler et al. / Developmental Biology 299 (2006) 78–901994; Lohr and Pick, 2005; Lohr et al., 2001; Telford, 2000).
Its homeodomain remains Hox-like and Ftz binds the same
DNA sequences as its neighbors in HOM-C. However, unlike
its neighbors in Drosophila HOM-C, ftz does not have
homeotic function, but acts exclusively as a segmentation
gene. Its unique, non-homeotic function as a segmentation
gene in Drosophila is a result of: (1) its expression in seven
stripes in blastoderm embryos (Carroll and Scott, 1985; Hafen
et al., 1984), and (2) its interaction with a novel partner, the
orphan nuclear receptor, Ftz-F1 (Florence et al., 1997;
Guichet et al., 1997; Lohr et al., 2001; Yu et al., 1997). Ftz
and Ftz-F1 bind cooperatively to DNA and synergistically
activate target gene expression, in vitro and in vivo. ftz and
ftz-f1 mutants show identical pair-rule mutant phenotypes,
demonstrating that each is required, but neither is sufficient,
for the development of alternate body segments. To date, no
in vivo interaction between Ftz-F1 and any other Hox protein
has been reported, consistent with the fact that Ftz, but not
other Hox proteins, contains a nuclear receptor LXXLL
coactivator motif that directly binds Ftz-F1 (Schwartz et al.,
2001; Suzuki et al., 2002; Yussa et al., 2001; reviewed in
Pick et al., 2006).
The two well-characterized transcriptional targets of Ftz are
engrailed (en) and ftz itself, and both of these targets are
activated by the Ftz/Ftz-F1 cofactor complex. Ftz positively
autoregulates gene expression by directly binding to multiple
sites in an autoregulatory upstream element (Hiromi and
Gehring, 1987; Pick et al., 1990; Schier and Gehring, 1992).
The upstream element is composed of two independently acting
autoregulatory enhancers, the distal and proximal enhancer.
Interestingly, each enhancer contains one high affinity Ftz
binding site, along with multiple (∼10) lower affinity sites,
which might suggest that the presence of one high affinity site is
important for function (Pick et al., 1990). However, functional
experiments disproved this suggestion, as a high degree of
redundancy was found within the enhancer and it was necessary
to mutate multiple Ftz binding sites within a reporter construct
to abolish expression in stripes in vivo (Han et al., 1998; Schier
and Gehring, 1993).
In a yeast interaction screen using this autoregulatory
element, we isolated Ftz-F1 as a Ftz partner (Yu et al., 1997,
1999). Ftz-F1 influences Ftz target site selection by cooperative
binding to DNA sequences that contain binding sites for both
proteins (heterodimeric or composite Ftz/Ftz-F1 binding sites).
Ftz-F1 raises the affinity of Ftz for heterodimeric sites by
greater than an order of magnitude compared to its affinity for
monomeric sites. Ftz and Ftz-F1 synergistically activate
transcription of ftz-enhancer reporter genes in a binding site-
dependent fashion both in vitro and in vivo (Yu et al., 1997;
Yussa et al., 2001). The same mechanism is used by Ftz/Ftz-F1
to regulate en: Ftz and Ftz-F1 bind cooperatively to sites in an
en enhancer to activate expression in alternate parasegments
(Florence et al., 1997).
Here, we made use of the fact that Ftz coordinately regulates
gene expression with Ftz-F1 to computationally identify Ftz
target genes in the D. melanogaster genome. Constraining the
search for Ftz sites to those present in cooperative configura-tions with Ftz-F1 sites narrowed down candidate Ftz genomic
binding sites from >14 million to ∼3000. This in silico screen
identified two genes, apt and Sulf1, as Ftz/Ftz-F1 targets.
Interestingly, apt is expressed within the Ftz domain, but one
cell posterior to en in each stripe. This is, to our knowledge, the
first identification of a Hox target gene using bioinformatics.
Materials and methods
Binding site search
A set of computer programs was written and compiled to identify composite
Ftz/Ftz-F1 binding sites in the annotated D. melanogaster genome. Multiple
alignments of experimentally verified Ftz-F1 and Ftz binding sites were used to
produce position lists for each set of binding sites, which includes all nucleotides
that can occur at each position within a binding site (Fig. 1A). The D.
melanogaster genomic sequence was searched with this unweighted position list
using a PERL program to scan for sites using the EMBOSS package program
fuzznuc for matches to these position lists. The output of this program is a list
that contains the genomic sequence match, the scaffold position and name. The
genomic annotations (transcriptional start sites, exon boundaries, etc.)
associated with each scaffold unit were processed to produce a data set
consisting of the genomic position of the start site of every annotated gene in the
genome. As the annotations are available in eXtensible Markup Language
(XML), a specific XML parser written in the Java programming language, the
Simple API for XML (SAX), was used to produce this data set. A set of
visualization tools was written in PERL to display binding sites and gene start
sites at a number of different scales. Results for Table 1 were produced with the
bash script ‘table 1.sh’. This runs the EMBOSS program ‘fuzznuc’ with the
following options: ‘-complement -mismatch 0’, on each chromosome arm. The
numbers of sites were calculated by running ‘wc’ on output files. Screened genes
were selected using the program scaffold_search.sh, which ordered the
annotated transcriptional start sites with respect to the number of Ftz/Ftz-F1
composite site matches occurring within a window of ±20 kb.
In situ probe synthesis and hybridization
cDNA clones were obtained from BACPAC Resources (http://bacpac.chori.
org/home.htm). Digoxygenin labeled probes and in situ hybridization used
published methods (Tautz and Pfeifle, 1989; Kosman and Small, 1997). pOT2
vectors were linearized with EcoRI or EcoRV and transcribed from the SP6
promoter. pSK+ vectors were linearized with EcoRI and transcribed from the T7
promoter. pFLC-1 vectors were linearized with XhoI and transcribed from the
T3 promoter. Embryos (0–8 h) were harvested from mass population cages of
Oregon R or ftzrf10/hb-lacZ.
ftzrf10/hb-lacZ embryos were hybridized to a mixture of antisense lacZ probe
and each target probe to identify ftz mutants. Embryos over-expressing Ftz were
collected from homozygous NGT40-GAL4 virgins (Tracey et al., 2000) crossed
to UAS-ftz homozygous males. ftz-f1l(3)03649 germ line clone females were
generated as previously described (Yu et al., 1997). Triple staining was carried
out as described (Kosman et al., 2004) with the following for detection:
en≫DNP probe≫ rabbit anti-DNP≫donkey anti-rabbit Alexa 647; apt≫ -
BIO probe≫mouse anti-biotin≫donkey anti-mouse Alexa 488; Sulf1≫DIG
probe≫ sheep anti-dig≫donkey anti-sheep Alexa 555.
Sulf1 regulation
250 base pair regions containing the Sulf12 or Sulf34 binding sites were
amplified by PCR from genomic fragments (Sulf12 primers: 5′-CTAGG-
GATCCGCGGCAAATCAGAGCGATGC-3′; 5′-CTAGGAATTCCAGCT-
CATTGCCAAGCAGG-3′, generating EcoRI and BamHI sites; Sulf34: 5′-
GAATTCAACATGATATCAAAAGTACC-3′, 5′-TCTAGATGGCGATACT-
GATATCTTGC-3′, generating EcoRI and Xba sites) and inserted into KS.
Sulf1234 was produced by Sulf12 into KS-Sulf34. Fragments were inserted into
the P-element vector px27, which carries a minimal promoter upstream of lacZ
(Segalat et al., 1994). Multiple transformant lines were generated for each
Fig. 1. Computational identification of genomic Ftz/Ftz-F1 binding sites. (A) Position lists for Ftz and Ftz-F1 were generated from experimentally identified binding
sites for each protein. Binding site positions are listed above the matrix and nucleotides occurring at each position are listed below; consensus sequences at the bottom.
(B) Nucleotide sequence of experimentally verified cooperative Ftz/Ftz-F1 binding sites. The ftz proximal enhancer contains the ‘F1F’ binding site that mediates
autoregulation by Ftz and Ftz-F1 in vivo (Yu et al., 1997). The first intron of en contains a similar Ftz-responsive enhancer with a composite Ftz/Ftz-F1 binding site
required for expression of alternate en stripes (Florence et al., 1997). Core Ftz binding sites (green); core Ftz-F1 binding sites (red). (C) Composite sites are not found
around Dorsal targets. Binding sites ±20 kb around the transcription start sites of two positive control genes, en and ftz, and two negative control genes, twist and
cactus, are shown. Note clusters of Ftz-F1 binding sites around both en and ftz. Although twi and cac also harbor Ftz-F1 binding sites, no cooperative sites were found.
Sequences of composite sites around the en and ftz genes. The en gene harbors five composite sites: en_3 is the reference composite site used for the screen; two
additional en-type sites (dark blue) and two additional F1F-type sites (light blue) were identified. The ftz gene harbors three composite sites: ftz_2 is the F1F-site used
for the screen; one additional F1F-type site (light blue) and one en-type site (dark blue) were identified.
80 T. Bowler et al. / Developmental Biology 299 (2006) 78–90construct (Rubin and Spradling, 1982). Reporter expression was detected with a
rabbit anti-β-galactosidase antibody (1:2000, Cappel), a biotinylated anti-rabbit
secondary (1:500, Vector labs) and cobalt/DAB (Sigma) enzymatic detection
with the ABC reagent kit (1:100, Vector Labs).
Protein expression and DNA binding
Ftz and Ftz-F1 proteins were expressed in bacteria and purified from bacteria
as follows. An EcoRI fragment of ftz was inserted in frame into pGEX-6P1
(Pharmacia). ftz-f1 was directionally cloned into the BamH1 and EcoRI sites of
pGEX-6P1. Proteins were expressed using BL-21 cells (Stratagene) withTable 1
Site 2L 2R 3L
Ftz 2,820,540 2,469,740 2,944,608
ATTA 291,627 246,267 306,372
Ftz-F1 5882 5508 6065
En-type cooperative 287 285 294
F1F-type cooperative 350 314 355
Total cooperative 637 599 649standard methods. Briefly, following induction with IPTG, cultures were
incubated for 90 min at 30°C and bacterial pellets were collected. These were
lysed with a French Press and the supernatant was incubated with 0.5 ml GST-
agarose beads (Pharmacia). Following incubation and washes with PBSTD,
beads were incubated with cutting buffer (50 mM Tris–HCl, pH 7.0, 150 mM
NaCl, 1 mM EDTA, 1 mM DTT, 0.1% NP40) and 50 units of PreScission
Protease (Pharmacia) were added. Following an overnight incubation at 4°C, the
supernatant was removed and samples were distributed into small aliquots,
which were flash frozen and then stored at −80°C. Purification was monitored
by silver staining of SDS-polyacrylamide gels. DNA binding reactions for the
EMSA shown in Fig. 6 were carried out as previously described (Yu et al., 1997)3R 4 X Total
3,449,155 176,280 2,660,160 14,520,483
355,480 22,214 264,605 1,486,565
7544 239 5503 30,741
383 16 257 1522
434 12 314 1779
817 28 571 3301
81T. Bowler et al. / Developmental Biology 299 (2006) 78–90with 1 μl of Ftz or Ftz-F1 protein. The sequences of the oligonucleotides used
were (top strand, blue highlight indicates Ftz, M1, or Ftz-F1, M2, site mutation):
Phylogenetic shadowing
Genome trace files for theDrosophila species shown were downloaded from
www.ensembl.org. These files were searched for matches to a 30 bp region
containing either Sulf12 or Sulf34 binding sites with a 5 base pair mismatch
threshold.Results
Ftz/Ftz-F1 binding site model
A computational approach was taken to identify potential Ftz
and Ftz-F1 sites in the D. melanogaster genome. Sequences
used for this search were derived from experimentally verified
binding sites for each protein. The sequences of all experimen-
tally determined Ftz binding sites were compiled from the
literature (Core et al., 1997; Florence et al., 1991; Muller and
Bienz, 1992; Pick et al., 1990). The only residues conserved in
all 45 of these sites were a central “TT,” which was then used to
align the sites (Fig. 1Ai). The flanking A residues at positions 3
and 6 are conserved in 33 out of 45 sites, resulting in the
“ATTA” commonly thought of as a Hox consensus binding site.
Nine experimentally verified Ftz-F1 sites (Florence et al., 1997;
Han et al., 1993, 1998; Ueda et al., 1992) were aligned on the
common core “AAGG” motif (Fig. 1Aii). There are no
absolutely conserved residues outside this “AAGG” core.
While it is possible that all Ftz-F1 binding sites represent
cooperative sites for Ftz/Ftz-F1 binding, only two cooperative
sites have been identified to date: the ‘F1F-site’ in the ftz
upstream element (Yu et al., 1997; Yussa et al., 2001) and the
‘en-site’ in the Ftz-dependent en enhancer (Florence et al.,
1997). The F1F-site has its Ftz binding site 5′ to its Ftz-F1 site
and the Ftz-F1 and Ftz binding motifs occur on opposite
strands. The binding sites are spaced by 7 nucleotides from the
beginning of the Ftz core (green) to the core Ftz-F1 (red) site
(Fig. 1Bi). The en-site contains a Ftz-F1 binding site 5′ to its Ftz
site. Both motifs occur on the same strand with a spacing of 11
nucleotides between the end of the AAGG motif and the
beginning of the ATT motif (Fig. 1Bii). The F1F-site contains a
close match to the monomeric Ftz-F1 binding site consensus
(PyCAAGGPyCPuCCPu) (Ueda et al., 1990) with one
mismatch from the consensus at position 8, and a poor match
to the Ftz monomeric high affinity sequence (CA/CCATTA)
(Pick et al., 1990) with mismatches at positions 1, 2 and 6. The
en-site contains an exact match to a monomeric Ftz high affinity
binding site (CAATTA) and a close match to the Ftz-F1
consensus sequence (mismatches at positions 2 and 11).
For many transcription factors, high affinity binding sites are
not the sole functional sites in vivo; in fact, it has been proposed
that lower affinity binding sites may be important for allowing
cooperative interactions and for the fine-tuning of geneexpression levels. As discussed above, Ftz binding sites of
various affinity were shown to be functional in vivo. The best
example of this is the F1F-site itself, which mediates
autoregulation in vivo, but does not include a high affinity, or
‘ATTA-consensus’ Ftz-binding site. Thus, since high affinity
sites or consensus sites do not predict function in vivo, to search
the genome, position lists including all nucleotides that can
represent either a Ftz or Ftz-F1 binding site were inserted into
both the ‘F1F-site-type’ spacing and orientation and the ‘en-site-
type’ spacing and orientation (Fig. 1B). The search identifies
matches to all potential Ftz sites (green), any spacer sequence
(black) and all potential Ftz-F1 sites (red). This search should
identify all possible Ftz and Ftz-F1 binding sites in the
genome (Table 1). However, the screen is designed to identify
only two types of Ftz/Ftz-F1 cooperative sites, namely the
two that have been shown to function in vivo. Additional
configurations of Ftz and Ftz-F1 binding sites that may also
support cooperative binding have not been experimentally
verified to date, but are likely to exist. These will not be
identified in this screen. Thus, by its design, the screen was
expected to identify a subset of all possible Ftz/Ftz-F1 target
genes.
Genomic Ftz/Ftz-F1 binding site distribution
Searching the D. melanogaster genome sequence (Release
3.0) revealed over 14 million potential Ftz binding sites (Table 1).
This is∼ tenfold higher than the number of matches for the high
affinity consensus ATTA. As all Antp-class Hox proteins bind
similar sequences, these 14 million sites represent potential
binding sites for multiple Hox proteins. However, only Ftz
binding is expected to be constrained by the presence of nearby
Ftz-F1 binding sites. There are >30,000 potential Ftz-F1
binding sites in the genome, consistent with a stricter consensus
sequence for Ftz-F1 than for Ftz. This likely restricts functional
Ftz binding sites to a maximum of ∼30,000. However, with the
added constraint of spacing and orientation, the number
decreases further with ∼1500 en-site-type matches and
∼1800 F1F-site-type matches (Table 1). Thus, approximately
10% of the Ftz-F1 binding site matches are flanked by one or
more Ftz binding site matches in a known cooperative
configuration. Interestingly, there is only one exact match –
i.e., itself – in the D. melanogaster genome for each of the
actual cooperative site sequences (en-site or F1F-site, Fig. 1B).
With the exception of chromosome 4, which contains very few
binding sites, there are consistently more F1F-site-type matches
than en-site-type matches across the genome (Table 1).
A ‘gene centric’ approach was taken to scan genomic DNA
surrounding annotated transcription start sites, as illustrated for
the two known target genes, ftz and engrailed, and for two
genes controlled by Dorsal that are unlikely to be Ftz targets
(Fig. 1C). Ftz binding sites formed a virtual solid line across all
genomic regions. Ftz-F1 binding sites were less frequent and
more highly enriched on the known Ftz/Ftz-F1 targets than on
Dorsal targets. Cooperative sites were found in ftz and en
genomic regions as expected, but were not found within 20 kb
of the start sites of either of the Dorsal targets. Importantly, the
Table 2
Gene cDNA #comp. sites
(±20 kb)
Blastoderm
expression
ftz− pattern
Class I
Sulf1 LD03060 5 Strong stripes Missing
stripes
en LD16125 5 Strong stripes Missing
stripes
apt LD45881 5 Strong stripes Missing
stripes
brat LD16270 6 Medium stripes Same as wt
Class II
CG13180 GH16255 7 Weak stripes ?
BcDNA:
GH02833
GH02833 5 Weak stripes ?
CG5174 LD44733 5 Weak stripes ?
cdc2c LD22351 5 Weak stripes ?
Mint LD29081 5 Weak stripes ?
Class III
pug GH10770 5 Expression,
no stripes
Same as wt
icln SD10511 5 Expression,
no stripes
Same as wt
CG6484 GH21490 5 Expression,
no stripes
Same as wt
Rab4 LD16736 5 Expression,
no stripes
Same as wt
CG6425 LD14717 5 Expression,
no stripes
Same as wt
CG2503 LD37523 5 Expression,
no stripes
Same as wt
CG3605 LD45152 5 Expression,
no stripes
Same as wt
CG7888 GH09436 5 Expression,
no stripes
Same as wt
CG7497 GH27361 5 Expression,
no stripes
Same as wt
CG2467 GH09980 5 Expression,
no stripes
Same as wt
CG10853 LP09837 5 Expression,
no stripes
Same as wt
CG9196 LP10725 5 Expression,
no stripes
Same as wt
CG5398 GH26134 5 Expression,
no stripes
Same as wt
Class IV
CG17664 GH1693 5 No staining N.D.
PpD5 GH12873 5 No staining N.D.
CG2471 LP11415 6 No staining N.D.
CG8079 LD27413 5 No staining N.D.
CG12263 SD07983 5 No staining N.D.
CG10096 GH14366 5 No staining N.D.
CG5308 GH08163 5 No staining N.D.
CG7510 LD04710 5 No staining N.D.
82 T. Bowler et al. / Developmental Biology 299 (2006) 78–90en and ftz genomic regions each contain one cooperative site
used for designing the screen – the en-site (en_3) and the F1F-
site (Ftz_2), respectively – but additional composite sites were
identified for each. There are four additional cooperative site
matches surrounding the en ORF in both en-like and F1F-like
orientations. Two additional sites were identified around ftz:
one of these lies 3′ to the ftz coding region within a downstream
regulatory element required for full ftz rescue (Hiromi et al.,
1985); the other is located just upstream of F1F and contains a
Ftz-F1 binding site previously shown to be involved in
autoregulation (Han et al., 1998).
Identification of new candidate Ftz/Ftz-F1 target genes
Using this gene centric approach, composite binding sites
were identified around transcription start sites throughout the D.
melanogaster genome. As en was the only verified downstream
target of Ftz/Ftz-F1 and as it contains 5 composite sites within
±20 kb of its transcription start site, this number of sites was
chosen as an arbitrary cut-off for identifying new target genes.
111 candidate target genes were identified that contain 5 or
more composite sites within 20 kb of their annotated
transcription start sites. Thirty genes among this group that
were readily available from the BDGP were screened by
examining their expression patterns in wild type (OreR)
embryos. Expression in ftz mutant embryos was determined
for genes that were expressed in blastoderm embryos.
Expression patterns were classified into four groups (Table 2).
Class I genes are expressed in stripes in late blastoderm stage
embryos which persist during germ band extension and form
segmental expression domains later in development. Class II
genes exhibit weak segmental expression patterns. These early
patterns were not highly reproducible: embryos from the same
hybridization reaction, at similar stages of development,
exhibited variability in their stripe-like patterns. In contrast to
Class I patterns that were observable over a range of in situ
probe concentrations and enzymatic reaction times using both
colorimetric and fluorescent staining methods, Class II patterns
were visible with the alkaline phosphatase staining method, but
only with an excess of probe and extended enzymatic
incubation times. Similar staining conditions rendered staining
patterns of the probes from Class I nearly occluded by
background staining. In addition, Class II patterns could not
be reproduced with fluorescent staining methods and double
staining with anti-Ftz antibody to establish the register of these
stripes was not possible. Because of this, further analysis of the
Class II genes was not attempted (see Discussion). Class III
genes showed some specific staining pattern during embry-
ogenesis, but did not display stripes or any segmental
modulation. Potential expression of these genes in the CNS
was not determined. Class IV genes display little or no
detectable staining during the period of embryonic development
assayed in this screen.
Overall, among the 30 cDNAs examined, four had Class I
expression patterns, with strong striped patterns at the
blastoderm stage. These were en, the previously identified
Ftz/Ftz-F1 target, and three new candidates Ftz targets: Sulf1,apt and brain tumor (brat). Of these, expression of en was
clearly the strongest. The expression patterns of two of the three
new candidates – Sulf1 and apt – were altered in ftz mutant
embryos, suggesting that they are regulated by Ftz. Five genes
analyzed had Class II expression patterns. The low level and
apparent variable expression of these genes made it impossible
to reliably assess whether their patterns were altered in the ftz
83T. Bowler et al. / Developmental Biology 299 (2006) 78–90mutant background. Thirteen genes showed Class III expression
patterns. Surprisingly, none of these patterns was altered in ftz
mutant embryos, thus excluding these genes as potential targets
for Ftz in segmentation. Eight genes were scored as Class IV
genes. These genes may be silenced during embryogenesis by
higher order chromatin, for example, which could override the
function of Ftz/Ftz-F1 binding sites. Such genes could be targets
of Ftz or Ftz-F1 at other developmental stages or in other cell
types.
Expression profiles of apt and Sulf1 are similar to en
In an independent analysis, we examined the temporal
profiles of embryonic gene expression of 13,000 genes by
extracting them from a microarray data set from BDGP
(Tomancak et al., 2002). This revealed that genes in different
functional classes display characteristic temporal profiles (T.
Bowler, Ph.D. Thesis). The expression profiles of the pair-rule
and segment polarity classes of genes show particularly close
within-group patterns. Additionally, these groups have patterns
that are distinct from each other. As en is a clear downstream
target of Ftz, it was hypothesized that other downstream targets
of Ftz/Ftz-F1 would be regulated similarly to segment polarity
genes. The genes with profiles most similar were apt, Sulf1 and
E2f. All three are expressed in segmentally modulated patterns
at the late blastoderm stage, identifying them as candidate
downstream target genes of Ftz/Ftz-F1. As apt and Sulf1 were
the only two genes identified by both the temporal microarrayFig. 2. apontic is a ftz-responsive gene. (A) apt is detected in stripes at the blastoderm
apt expression was determined by in situ hybridization to wild type embryos: (i) stag
12; (vii) stage 9, dorsal view; (viii) stage 11, ventral view. (B) apt and Ftz stripes o
simultaneous antibody staining and in situ hybridization. (i–v) Whole embryo view; (
vii) Ftz protein grey scale; (iii, viii) apt RNA (red); (iv, ix) Ftz protein (green); (v, x)
that, at this resolution, the red and green colors remain distinct. (C) apt expression
embryo; (ii) apt expression in ftz rf10 stage 11, lateral view; (iii) ventral view; (iv) apanalysis and the computational screen, these two genes were
analyzed in more detail to determine whether they are indeed
direct targets of Ftz/Ftz-F1.
apontic is a Ftz-responsive gene
In wild type embryos, apt is expressed in pair-rule like
stripes at the blastoderm stage that extend around the embryo
(Fig. 2Ai). As development proceeds, stripes fade dorsally and
expression domains become concentrated along the ventral side
of the embryo (Figs. 2Aii, iii and B). Next, the number of
domains doubles, and the pattern changes from one of pair-rule
periodicity, to segment-polarity periodicity (Figs. 2Aiii–v).
Later, these expression domains become concentrated in the
tracheal primordia (Fig. 2Avi), as previously reported (Eulen-
berg and Schuh, 1997). The transition from stripes to
localization in the trachael pits is more apparent in ventral
views (Figs. 2Avii, viii).
Ftz and apt expression colocalize in the early embryo, when
apt is expressed in a pair-rule pattern. This overlap was best
visualized during the onset of gastrulation when the strong
ventral stripes of apt (Figs. 2Bi, iii, vi, viii) overlap with late Ftz
expression (Figs. 2Bii, iv, vii, ix). Note that apt (red) localizes
to Ftz+ cells (Figs. 2Bv, x), but overlap does not appear yellow
because of the nuclear versus cytoplasmic localization of Ftz
protein and apt RNA, respectively. Additional domains of apt,
both anterior and posterior to the Ftz stripe domain – and thus
not dependent upon Ftz – are also evident.stage and resolves to a segmentally repeated pattern during germ band extension.
e 5, blastoderm; (ii) late stage 6; (iii) stage 7; (iv) stage 9; (v) stage 11; (vi) stage
verlap. The relationship between Ftz protein and apt RNA was determined by
vi–x) Higher magnification view of ventral stripes. (i, iv) apt RNA grey scale; (ii,
merged image. Note that apt RNA is cytoplasmic and Ftz protein is nuclear such
requires Ftz and Ftz-F1. (i) apt in situ hybridization in a ftz-f1 germline clone
t expression after ectopic expression of Ftz, stage 11.
Fig. 3. Overlapping expression of three Ftz/Ftz-F1 targets. Triple in situ
hybridization was carried out to compare the localization of the two new Ftz/Ftz-
F1 target genes – apt (green) and Sulf1 (red) – to the known downstream target,
en (blue). (A) Whole embryo view, stages 7–8. (B) Expansion of central region
from panel A, as indicated. (C) Three thoracic parasegments, late stage 10–stage
11.
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examined in ftzmutant embryos (ftzrf10) and in embryos derived
from ftz-f1 germline clones, which lack maternal Ftz-F1 activity
and display a pair-rule mutant phenotype. The early ventral
stripe domains were missing in ftz-f1 mutant embryos, but
expression in the head and tail was unaffected. Later in
development, every other segmental domain of apt formed (Fig.
2Ci): domains that overlap with Ftz were absent. A similar
expression pattern was observed in ftz embryos (Figs. 2Cii, iiii).
To determine whether ectopic expression of Ftz can ectopically
activate apt, it was expressed throughout the blastoderm
embryo with an NGT40/GAL4 driver (Tracey et al., 2000).
apt responded in an en-like fashion: apt was expressed in a
set of fused domains (Fig. 2Civ), similar to the pattern seen for
en in these embryos (Ish-Horowicz et al., 1989).
To further investigate the spatial relationship between Ftz
and new candidate downstream targets, the localization of en
was compared to that of the newly identified targets by
multiplex in situ hybridization. apt stripes (green) were
localized just posterior to en stripes (blue) at early germ band
extension (Figs. 3A, B). At later stages, as apt accumulates in
the trachael primordia, apt expression domains retained this
localization just posterior to en (Fig. 3C).
In summary, apt is expressed in stripe and segmental
patterns, the expression of these stripes is dependent on ftz and
ftz-f1 and these stripes colocalize with Ftz. apt requires the
activity of ftz and ftz-f1 for its expression in the segmented germ
band. Overexpression of ftz alters apt striped expression in a
fashion expected for a direct target of Ftz. Double staining for
en and apt revealed that Ftz regulates apt in the row of cells
just posterior to en. The lack of overlap with en makes it very
unlikely that Ftz regulates apt via activation of en. Taken
together, these results demonstrate that apt is dependent upon
Ftz and Ftz-F1 and suggest that this regulation is direct.
Sulf1 is a direct target of Ftz and Ftz-F1
The second candidate target was Sulf1, which is expressed in
a complex and dynamic pattern during embryogenesis (Fig.
4A). The onset of Sulf1 expression occurs in blastoderm stage
embryos where Sulf1 is expressed in three stripes posterior to
the cephalic furrow, which are strongest ventrally (Fig. 4Ai). At
the onset of germ band extension, Sulf1 expression evolves into
sets of two closely spaced stripes (Fig. 4Aii). These stripes
become equally spaced and, as the germ band extends, the
anterior stripe in each doublet becomes stronger than the
posterior stripe (Figs. 4Aiii, iv). These segmental stripes refine
to single cell width in the dorsal epidermis by embryonic stage
11 (Fig. 4Av). Sulf1 expression concentrates at the distal end of
each stripe in the sensory nervous system primordium and in the
ventral mid line glia (Fig. 4Avi and Tomancak et al., 2002).
Sulf1 is also expressed in the sensory system of the head (Fig.
4Avi and (Tomancak et al., 2002).
During early germ band extension, Sulf1 stripes (Figs. 4Bi,
iii; vi, viii) directly overlap with Ftz (Figs. 4Bii, iv; vii, ix) (Figs.
4Bv, x: Ftz, green; Sulf1, red). In situ hybridization revealed
overlap of en (blue) and Sulf1 (red) stripes (Fig. 3), suggestingthat they are activated by Ftz/Ftz-F1 in the same rows of Ftz+
cells.
To test the dependence of expression on Ftz/Ftz-F1, Sulf1
expression was examined in ftz and ftz-f1 mutant embryos. The
repeated pattern of double stripes observed in wild type
embryos (Fig. 4A) was altered. In ftz-f1 mutants, each domain
that would contain two sharp stripes in wild type embryos
weakly, and ubiquitously expressed Sulf1 (Fig. 4Ci). During
germ band extension, every other segmental domain, which
would overlap with Ftz, was missing (Fig. 4Cii). The identical
pattern of missing alternate segmental expression domains was
observed in ftzrf10 embryos (Figs. 4Ciii, iv). In both ftz-f1 and
ftz mutant embryos, Sulf1 expression in the procephalon was
identical to wild type expression.
When Ftz was expressed ectopically with the NGT40 driver
throughout stage 5 embryos, Sulf1 expression was ubiquitous
(Fig. 4Cv). At later stages, embryos showed the segmentally
repeated domains of Sulf1 fused into pairs superimposed over
ubiquitous expression of Sulf1 (Fig. 4Cvi). en is expressed in
similarly fused expression domains in response to ubiquitously
Fig. 4. Sulf1 expression is dependent upon ftz and ftz-f1. (A) DsSulf1 is expressed in stripes. The expression of Sulf1 was determined by in situ hybridization to
embryos: (i) stage 5; (ii) late stage 6; (iii) stage 8; (iv) stage 9; (v) stage 11, ventral view; (vi) stage 11, dorsal view. (B) Sulf1 and Ftz colocalize in stripes. The
relationship between Ftz protein and Sulf1 RNAwas determined by simultaneous antibody staining and in situ hybridization. (i–v) Whole embryo view; (vi–x) Higher
magnification view of three ventral stripes. (i, vi) Sulf1 RNA grey scale; (ii, vii) Ftz protein grey scale; (iii, viii) Sulf1 RNA (red); (iv, ix) Ftz protein (green); (v, x)
merged image. (C) Sulf1 stripe expression is dependent on ftz and ftz-f1. (i) Sulf1 in situ hybridization in ftz-f1 germline clone embryos, late stage 6, (ii) stage 9; (iii)
Sulf1 expression in ftzrf10 stage 11 embryo, lateral view, (iv) ventral view; (v) Sulf1 expression after ectopic expression of stage 5, (vi) stage 11.
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Sulf1 expression that colocalize with Ftz are dependent on ftz
and ftz-f1 and ectopic Ftz expression in the early embryo is
sufficient to ectopically activate Sulf1 expression.
Sulf1 regulatory elements direct expression in stripes
If Ftz/Ftz-F1 directly regulate Sulf1 through the binding sites
that defined it as a candidate target in our screen, cis-regulatory
elements containing these binding sites should direct reporter
gene expression in a striped pattern. Two Ftz-F1 site matches
are located within 8.5 kb upstream of the Sulf1 transcription
start site (Fig. 5A). Each of these is a “double composite” site
containing a single Ftz-F1 binding site match with a Ftz binding
site match on each side, one in the en-site-type spacing and
orientation (yellow bar) and one in a F1F-site-type spacing and
orientation (cyan bar). Sulf34 contains additional Ftz site
matches 3′ to the en-site-type Ftz site (sequence in darker green
in 5A). The Ftz binding sites contained within these combined
sites are non-consensus (Sulf12: CACTTC and AATTTA,
Sulf34: TGATTC and CAATTG), suggesting that Sulf1, like
ftz itself, is regulated through non-consensus Ftz binding sites.
To verify that the Sulf34 element can bind to Ftz and Ftz-F1
as predicted, electromobility shift assays (EMSA) were
performed. Ftz and Ftz-F1 were each expressed in bacteria asfull-length proteins fused to GST. Each protein was purified via
the GST moiety, which was then removed by cleavage with
PreScission Protease (Materials and methods) to release highly
purified, full-length Ftz or Ftz-F1. As shown in Fig. 6, Ftz
protein bound weakly to a wild type Sulf34 oligonucleotide
(Sulf34; Fig. 5A). Ftz-F1 bound well to this oligonucleotide,
while the two proteins together bound more strongly (Ftz/Ftz-
F1). These results were very similar to those obtained
previously for both F1F and the en binding sites (Yu et al.,
1997; Florence et al., 1997). Mutation of one of the Ftz binding
sites (Sulf34 M1) did not abolish Ftz binding, suggesting that
the predicted multiple Ftz binding sites in this region are indeed
redundant. As expected, this mutation did not alter either Ftz-F1
binding or cooperative binding. Mutation of the Ftz-F1 site
abolished binding of Ftz-F1 as well as formation of the ternary
complex containing Ftz, Ftz-F1 and DNA. This finding is
consistent with previous observations that both Ftz and Ftz-F1
binding sites are required for cooperative binding (Yu et al.,
1997).
To test whether these sites are functional in vivo, PCR was
used to amplify 250 bp of DNA including and surrounding each
of these sites. These fragments were fused individually
(pX27sulf12; pX27sulf34) or together (pX27sulf1234) upstream
of a minimal promoter and lacZ reporter gene in the P-element
vector pX27 (Segalat et al., 1994). pX27sulf1234, containing
Fig. 5. Sulf1 regulatory elements direct striped expression pattern. (A) Two sets of Ftz/Ftz-F1 binding sites are upstream of Sulf1 at − 495 and − 8099. Sequences are
indicated for Sulf34 and Sulf12; Ftz binding sites (green); Ftz-F1 binding sites (red); exons (blue). (B–E) Sulf1 regulatory elements direct expression in stripes.
Transgenic embryos carrying Sulf1-lacZ fusion genes were immunostained with anti-β-galactosidase antibodies. (B) pX7-Sulf1234; (C) pX7-Sulf34, lateral view, stage
14; (D) pX7Sulf34, stage 15; (E) pX7-Sulf12, stage 15.
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tally repeated stripes, similar to the endogenous expression of
Sulf1 (Fig. 5B, compare to Fig. 4Bv). pX27sulf34was expressedFig. 6. Ftz and Ftz-F1 bind to the Sulf34 regulatory element. DNA binding
reactions for the EMSAwere carried out with purified, full-length Ftz and Ftz-F1
proteins and 32P-labeled oligonucleotides, as indicated: Sulf34: wild type Sulf34
sequence; Sulf34 M1: mutation in one of the Ftz binding sites; Sulf34 M2,
mutation in the Ftz-F1 site. An autoradiogram is shown. The positions of
protein–DNA complexes containing Ftz, Ftz-F1 or Ftz and Ftz-F1 are indicated
to the right.in a segmental pattern that appears as lateral patches (Fig. 5C);
expression later became restricted to a pattern resembling
endogenous Sulf1 in the peripheral nervous system. Later in
embryonic development, the cells expressing this fusion gene
migrated to populate structures within the developing embryo
(5D). pX27sulf12 was expressed ubiquitously but weakly in
transgenic embryos (Fig. 5E). Thus, the Sulf34 element alone is
sufficient to direct a partial Sulf1-like pattern, the Sulf12
element is not; however, together they generated a clear and
clean Sulf1-like striped pattern, suggesting an interaction
between these two regulatory elements.
Evolutionary conservation of Sulf1 regulatory sequences
Regulatory elements important for the expression of
evolutionarily conserved genes might be expected to show
some conservation in different species. Both Sulf12 and Sulf34
showed a high degree of conservation in other Drosophilids.
Sulf12 was identified in D. pseudoobscura, a species that is
thought to have diverged from D. melanogaster ∼25 million
years ago (Fig. 7A). The Sulf34 element was less well
conserved but is found in species that have been separated for
∼5 million years (Fig. 7B). The identified Ftz and Ftz-F1
binding sites are highly conserved, with almost complete
identity in these species. Surprisingly, the regions around and
between Ftz and Ftz-F1 binding sites are almost completely
conserved in all 5 Drosophila species for Sulf12 and in the three
closest relatives of D. melanogaster for Sulf34 (Figs. 7C, D). In
addition, strong sequence conservation extends ∼50 bp
upstream and ∼200 bp downstream for Sulf12 and ∼150 bp
upstream and >200 bp downstream for Sulf34. These extended
Fig. 7. Sulf1 regulatory elements are evolutionarily conserved. (A, B) Phylogenetic tree of Drosophila species. Genomic sequence matching Sulf12 (A) or Sulf34 (B)
is shown next to each species; Ftz sites (green); Ftz-F1 sites (red). (C, D) Genomic sequence around Sulf12 (C) or Sulf34 (D) elements from related Drosophila
species. +++, core Ftz sites; ****, core Ftz-F1 sites.
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frames, and do not show characteristic divergence indicative of
third base wobble positions, suggesting that this conservation
does not reflect the presence of an open reading frame.
Discussion
We have used a bioinformatics approach to identify target
genes of the D. melanogaster derived Hox protein Ftz. Our in
silico screen was based upon the premise that Ftz DNA binding
in vivo is restricted by interaction with Ftz-F1 (Table 1, Fig. 1).
Genes located in the vicinity of multiple Ftz/Ftz-F1 binding
sites were considered as candidate targets. In this study, we
verified that two genes identified by this approach – apt and
Sulf1 – are dependent upon Ftz and Ftz-F1 for expression in
D. melanogaster embryos (Figs. 2–4). We have provided
additional evidence that one of these genes, Sulf1, is a direct
target of Ftz/Ftz-F1, as Ftz and Ftz-F1 bind in vitro to thebinding sites identified in this screen, and reporter constructs
that contain these binding sites are expressed in a Sulf1-like
striped pattern (Figs. 5, 6). Despite the successful identification
of two Ftz/Ftz-F1 targets in this computational screen, many
genomic regions containing equivalent numbers of Ftz/Ftz-F1
binding sites were not regulatory targets of Ftz/Ftz-F1 in
segmentation (Table 2). This implies that additional regulatory
information is needed to specify a Ftz target in the early
embryo.
Does Ftz regulate the majority of genes in the D. melanogaster
genome?
A series of studies presented several years ago suggested
that Ftz binds promiscuously to the D. melanogaster genome
and correspondingly regulates a majority of these genes (Liang
and Biggin, 1998; Walter et al., 1994). The regulation of many
of these genes was at a relatively low level, such that patterns
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none” type of stripes seen for the pair-rule genes themselves or
for targets such as en. A more recent study found fewer than
10% of 778 genes tested to be expressed in stripe patterns,
with <1% expressed in pair-rule type patterns and 7%
exhibiting segment polarity type patterns (Simin et al.,
2002). Our study here of just 30 genes, pre-selected by the
presence of Ftz/Ftz-F1 binding sites, clarifies this issue as we
have observed both strong stripe expression patterns, such as
those published by Simin et al. (2002) and the BDGP, and
weaker stripe patterns that more closely correspond to those
observed by Liang and Biggin (1998). In our hands, these two
types of patterns are qualitatively different (Table 2): Class I
genes are expressed in clear stripes that highly reproducible;
i.e., the majority of embryos at a given stage show the same
pattern of expression, under different staining conditions and
in multiple experiments. Class II genes also show stripe
expression, but, expression is weak, and different embryos of
the same stage, within one collection or between different
experiments, vary in expression. A technical complication of
this is that it is difficult to determine whether these stripes
overlap with Ftz and we were unable say with confidence
whether expression patterns were altered in ftz mutant
embryos. Similarly, Liang and Biggin (1998) were unable to
obtain double stained embryos to determine the register of
their stripe modulations.
A possible explanation of our Class II genes, and the Liang
and Biggin (1998) stripe modulations, is that they reflect the
mechanism underlying Ftz target site selection in vivo. We
propose that ‘modulated stripes’ result from bleed through
transcription by Ftz as it scans the genome for potential
binding sites. Based upon in vitro studies that demonstrate
promiscuous binding for Ftz monomers, we propose that Ftz
binds “NTTA” sites in vivo, but with very low affinity.
Because affinity for these sites is low, Ftz binding is short-
lived, such that Ftz binds to and is released from these sites at a
high rate. Ftz binds stably to genomic sites only when its
cooperative interaction with Ftz-F1 raises affinity for hetero-
dimeric sites. Thus, Ftz would activate transcription sporadi-
cally through monomeric binding sites, but stably and
reproducibly through Ftz/Ftz-F1 heterodimeric sites. This
model would explain the immunoprecipitation results of Walter
et al. (1994) if highly sensitive immunoprecipitation experi-
ments trapped unstable binding events. A prediction of this
model is that refined experiments would reveal that, on
average, Ftz is bound to a large number of sites throughout the
genome, but that the distribution of binding would show a
randomness, such that the same exact “NTTA” site would not
be occupied by Ftz in different embryos, or even in different
Ftz+ cells of the same embryo, at different points in time. In
summary, the non-reproducible, low-level stripe patterns for
Class II genes would reflect weak transcription carried out by
Ftz in the absence of cofactor, while reproducible stripe
patterns are those that reflect stable binding by Ftz and Ftz-F1.
A challenge for the future will be to test the proposal by Liang
and Biggin (1998) that these modulations in gene expression
have important biological consequences.Ftz regulates apt in cells posterior to the en stripes
It has long been know that Ftz directly regulates engrailed
(Carroll et al., 1988; DiNardo and O'Farrell, 1987; Florence et
al., 1997; Howard and Ingham, 1986; Lawrence and Pick, 1998).
The finding that the anterior border of Ftz overlaps with even-
numbered En stripes suggested that Ftz establishes parasegment
borders by activating En at these positions (Lawrence et al.,
1987). At the same time, the state of En was found to be a marker
for the final cuticular pattern (DiNardo and O'Farrell, 1987;
Howard and Ingham, 1986). These findings suggested that the
“primary function of the pair-rule genes is to establish the
appropriate compartmental organization of the embryo by
regulating the expression of the en gene,” (Howard and Ingham,
1986) a view that was often interpreted as ‘the sole function of
Ftz is to regulate en.’Despite this, Ftz is expressed in stripes that
are ∼4 cells wide, while the En stripes are only 1–2 cells wide,
overlapping with the anterior-most cells of each Ftz stripe.
Others proposed that pair-rule genes function in all cells in which
they are expressed, together generating a combinatorial code that
defines each cell in the blastoderm embryo (Gergen et al., 1986;
Scott and O'Farrell, 1986). Our finding that Ftz activates apt
posterior to en (Fig. 3) demonstrates a function for Ftz in the
posterior cells of each of its stripes, outside of the en domain.
Such a function is consistent with the finding that Ftz is not
expressed in a gradient within each stripe and does not function
in a gradient-like fashion to regulate en (Lawrence and Pick,
1998), a model originally proposed to explain its activation of En
in only a subset of cells in which it itself is expressed. Thus, these
observations suggest that Ftz function in regulating segmenta-
tion is not restricted to a subset of the Ftz+ cells within each Ftz
stripe, nor to the activation of en; rather, Ftz appears to activate
en in stripes in one row of cells and apt in a non-overlapping
stripe domain.
Ftz regulates members of segment polarity pathways in
parallel
Sulf1 encodes a protein that has homology to an N-
acetylglucosamine-6-sulfatase QSulf1 identified in quail
(Dhoot et al., 2001). QSulf1 regulatesWnt signaling by modula-
ting the sulfation state of cell surface heparin surface proteo-
glycans and the local concentration of 6-O sulfate molecules.
Sulfatases regulate the activity and distribution of wg and hh
signaling molecules in D. melanogaster (Lin and Perrimon,
2002). The removal of Sulf1 activity in D. melanogaster em-
bryos has been reported to cause a wg-like cuticular phenotype
(Lai et al., 2002), indicating that Sulf1 may function as a
segment-polarity gene. Therefore ftz may have a second, direct
role (in addition to its activation of en), in parasegmental border
formation, by directly regulating Sulf1. The exact role of Sulf1 in
the segmentation process remains to be elucidated.
The Ftz-code is not yet solved
Although we successfully identified two new Ftz targets with
our computational approach, many of the genes surrounded by
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responsive in the segmentation process. There are several, non-
exclusive, hypotheses that would explain this outcome. First,
some genes may be targets of Ftz/Ftz-F1 in the nervous system,
where both genes are expressed and Ftz is known to function
(Doe and Goodman, 1985; Doe et al., 1988). Second, some may
be targets of Ftz-F1 at later stages of development, where it may
regulate gene expression as a monomer or in conjunction with
other protein partner(s). Ftz-F1 is required for metamorphosis,
and likely regulates a large number of genes at this develop-
mental stage (Broadus et al., 1999). Lastly, more information is
needed to specify a Ftz/Ftz-F1 target gene than just composite
binding sites for these two transcription factors. This missing
information may be in the form of positive cues – binding sites
for an additional positive regulatory factor, or negative cues –
such as chromatin structure that silences large areas of the
genome in a stage-specific fashion.
Studies from other laboratories have used both bioinformatics
and microarray approaches to identify targets of Dorsal
(reviewed in Markstein and Levine, 2002; Stathopoulos and
Levine, 2004). Bioinformatics identified five Dorsal targets,
including zen, whose enhancer structure was used to model the
screen. However, 10 of 15 (67%) of the genes identified appear
to be false positives (Markstein et al., 2002). This number is
somewhat lower than our screen, if we consider all the non-
targets shown in Table 2 to be false. However, in both cases, the
success rate is lower than one would hope. For Dorsal, when
multiple approaches were used for target gene identification, the
identification of a larger number of target genes revealed
additional sequence elements shared by these enhancers that are
likely to be required to define aDorsal target (Stathopoulos et al.,
2002). By extrapolation, the identification and characterization
of additional Ftz/Ftz-F1-regulated enhancers should reveal
additional features necessary to describe the code for Ftz target
site selection.
Acknowledgments
This work was supported by a grant from the National
Institutes of Health to L.P. We thank Ray Anderson for
comments on the manuscript.
References
Akam, M., 1987. The molecular basis for metameric pattern in the Drosophila
embryo. Development 101, 1–22.
Beachy, P.A., Krasnow, M.A., Gavis, E.R., Hogness, D.S., 1988. An
Ultrabithorax protein binds sequences near its own and the Antennapedia
P1 promoters. Cell 55, 1069–1081.
Biggin, M.D., McGinnis, W., 1997. Regulation of segmentation and segmental
identity by Drosophila homeoproteins: the role of DNA binding in
functional activity and specificity. Development 124, 4425–4433.
Broadus, J., McCabe, J.R., Endrizzi, B., Thummel, C.S., Woodard, C.T., 1999.
The Drosophila bFTZ-F1 orphan nuclear receptor provides competence for
stage-specific responses to the steroid hormone ecdysone. Mol. Cell 3,
143–149.
Carroll, S.B., Scott, M.P., 1985. Localization of the fushi tarazu protein during
Drosophila embryogenesis. Cell 43, 47–57.
Carroll, S.B., DiNardo, S., O'Farrell, P.H., White, R.A.H., Scott, M.P., 1988.Temporal and spatial relationships between segmentation and homeotic gene
expression in Drosophila embryos: distributions of the fushi tarazu, en-
grailed, Sex combs reduced, Antennapedia, and Ultrabithorax proteins.
Genes Dev. 2, 350–360.
Core, N., Charroux, B., McCormick, A., Vola, C., Fasano, L., Scott, M.P.,
Kerridge, S., 1997. Transcriptional regulation of the Drosophila homeotic
gene teashirt by the homeodomain protein Fushi tarazu. Mech. Dev. 68,
157–172.
Dawes, R., Dawson, I., Falciani, F., Tear, G., Akam,M., 1994. Dax, a locust Hox
gene related to fushi-tarazu but showing no pair-rule expression. Develop-
ment 120, 1561–1572.
Desplan, C., Theis, J., O'Farrell, P.H., 1985. The Drosophila developmental
gene, engrailed, encodes sequence-specific DNA binding activity. Nature
318, 630–635.
Dhoot, G.K., Gustafsson, M.K., Ai, X., Sun, W., Standiford, D.M., Emerson Jr.,
C.P., 2001. Regulation of Wnt signaling and embryo patterning by an
extracellular sulfatase. Science 293, 1663–1666.
DiNardo, S., O'Farrell, P., 1987. Establishment and refinement of segmental
patterning in Drosophila embryos: spatial control of engrailed expression by
pair-rule genes. Genes 1212–1225.
Doe, C.Q., Goodman, C.S., 1985. Neurogenesis in grasshopper and fushi
tarazu Drosophila embryos. Cold Spring Harbor Symp. Quant Biol 50,
891–903.
Doe, C.Q., Hiromi, Y., Gehring, W.J., Goodman, C.S., 1988. Expression and
function of the segmentation gene fushi tarazu during Drosophila
neurogenesis. Science 239, 170–175.
Eulenberg, K.G., Schuh, R., 1997. The tracheae defective gene encodes a bZIP
protein that controls tracheal cell movement during Drosophila embryogen-
esis. EMBO J. 16, 7156–7165.
Florence, B., Handrow, R., Laughon, A., 1991. DNA-binding specificity of the
fushi tarazu homeodomain. Mol. Cell. Biol. 11, 3613–3623.
Florence, B., Guichet, A., Ephrussi, A., Laughon, A., 1997. Ftz-F1 is a cofactor
in Ftz activation of the Drosophila engrailed gene. Development 124,
839–847.
Gergen, J.P., Coulter, D., Wieschaus, E., 1986. Segmental pattern and
blastoderm cell identities. Gametogenesis and the Early Embryo. Alan R.
Liss, Inc, pp. 195–220.
Guichet, A., Copeland, J.W.R., Erdelyi, M., Hlousek, D., Zavorszky, P., Ho, J.,
Brown, S., Percival-Smith, A., Krause, H.M., Ephrussi, A., 1997. The
nuclear receptor homologue Ftz-F1 and the homeodomain protein Ftz are
mutually dependent cofactors. Nature 385, 548–552.
Hafen, E., Kuroiwa, A., Gehring, W.J., 1984. Spatial distribution of transcripts
from the segmentation gene fushi tarazu during Drosophila embryonic
development. Cell 37, 833–841.
Han, W., Yu, Y., Altan, N., Pick, L., 1993. Multiple proteins interact with the
fushi tarazu proximal enhancer. Mol. Cell. Biol. 13, 5549–5559.
Han, W., Yu, Y., Su, K., Kohanski, R.A., Pick, L., 1998. A binding site for
multiple transcriptional activators in the fushi tarazu proximal enhancer is
essential for gene expression in vivo. Mol. Cell. Biol. 18, 3384–3394.
Hiromi, Y., Gehring, W.J., 1987. Regulation and function of the Drosophila
segmentation gene fushi tarazu. Cell 50, 963–974.
Hiromi, Y., Kuroiwa, A., Gehring, W.J., 1985. Control elements of the Droso-
phila segmentation gene fushi tarazu. Cell 43, 603–613.
Howard, K., Ingham, P., 1986. Regulatory interactions between the segmenta-
tion genes fushi tarazu, hairy and engrailed in the Drosophila blastoderm.
Cell 44, 949–957.
Hughes, C.L., Liu, P.Z., Kaufman, T.C., 2004. Expression patterns of the rogue
Hox genes Hox3/zen and fushi tarazu in the apterygote insect Thermobia
domestica. Evol. Dev. 6, 393–401.
Ish-Horowicz, D., Pinchin, S.M., Inghma, P.W., Gyurkovics, H.G., 1989.
Autocatalytic ftz activation and metameric instability induced by ectopic ftz
expression. Cell 57, 223–232.
Kosman, D., Small, S., 1997. Concentration-dependent patterning by an ectopic
expression domain of the Drosophila gap gene knirps. Development 124,
1343–1354.
Kosman, D., Mizutani, C.M., Lemons, D., Cox, W.G., McGinnis, W., Bier, E.,
2004. Multiplex detection of RNA expression in Drosophila embryos.
Science 305, 846.
90 T. Bowler et al. / Developmental Biology 299 (2006) 78–90Kuroiwa, A., Hafen, E., Gehring, W.J., 1984. Cloning and transcriptional
analysis of the segmentation gene fushi tarazu of Drosophila. Cell 37,
825–831.
Lai, M., Ai, X., Sun, W., Emerson, C., Standiford, D.M., 2002. Abstract:
regulation of Wg signaling by Drosophila sulfated. Dev. Biol. 247, 468.
Laughon, A., 1991. DNA binding specificity of homeodomains. Biochemistry
30, 11357–11367.
Lawrence, P.A., Pick, L., 1998. How does the fushi tarazu gene activate
engrailed in the Drosophila embryo? Dev. Genet. 23, 28–34.
Lawrence, P.A., Johnston, P., Macdonald, P., Struhl, G., 1987. Borders of
parasegments are delimited by the fushi tarazu and even-skipped genes.
Nature 328, 440–445.
Liang, Z., Biggin, M.D., 1998. Eve and Ftz regulate a wide array of genes in
blastoderm embryos: the selector homeoproteins directly or indirectly
regulate most genes in Drosophila. Development 125, 4471–4482.
Lin, X., Perrimon, N., 2002. Developmental roles of heparan sulfate
proteoglycans in Drosophila. Glycoconjugate J. 19, 363–368.
Lohr, U., Pick, L., 2005. Cofactor-interaction motifs and the cooption of a
homeotic Hox protein into the segmentation pathway of Drosophila
melanogaster. Curr. Biol. 15, 643–649.
Lohr, U., Yussa, M., Pick, L., 2001. Drosophila fushi tarazu: a gene on the
border of homeotic function. Curr. Biol. 11, 1403–1412.
Mann, R.S., Chan, S.-K., 1996. Extra specificity from extradenticle: the
partnership between HOX and PBX/EXD homeodomain proteins. TIGS 12,
258–262.
Markstein, M., Levine, M., 2002. Decoding cis-regulatory DNAs in the Dro-
sophila genome. Curr. Opin. Genet. Dev. 12, 601–606.
Markstein, M., Markstein, P., Markstein, V., Levine, M.S., 2002. Genome-
wide analysis of clustered Dorsal binding sites identifies putative target genes
in the Drosophila embryo. Proc. Natl. Acad. Sci. U. S. A. 99, 763–768.
McGinnis, W., Garber, R.L., Wirz, J., Kuroiwa, A., Gehring, W.J., 1984. A
homologous protein-coding sequence in Drosophila homeotic genes and its
conservation in other metazoans. Cell 37, 403–408.
Michelson, A.M., 2002. Deciphering genetic regulatory codes: a challenge for
functional genomics. Proc. Natl. Acad. Sci. U. S. A. 99, 546–548.
Muller, J., Bienz, M., 1992. Sharp anterior boundary of homeotic gene
expression conferred by the fushi tarazu protein. EMBO J. 11, 3653–3661.
Muller, M., Affolter, M., Leupin, W., Otting, G., Wuthrich, K., Gehring, W.J.,
1988. Isolation and sequence-specific DNA binding of the Antennapedia
homeodomain. EMBO J. 7, 4299–42304.
Nelson, H.B., Laughon, A., 1990. The DNA binding specificity of the Droso-
phila fushi tarazu protein: a possible role for DNA bending in homeodomain
recognition. New Biol. 2, 171–178.
Nusslein-Volhard, C., Wieschaus, E., 1980. Mutations affecting segment
number and polarity in Drosophila. Nature 287, 795–801.
Odenwald, W.F., Garbern, J., Arnheiter, H., Tournier-Lasserve, E., Lazzarini,
R.A., 1989. The Hox-1.3 homeo box protein is a sequence-specific DNA
binding phosphoprotein. Genes Dev. 3, 158–172.
Pearson, J.C., Lemons, D., McGinnis, W., 2005. Modulating Hox gene
functions during animal body patterning. Nat. Rev., Genet. 6, 893–904.
Pick, L.A.S., Affolter, M., Schmidt-Glenewinkel, T., Gehring, W.J., 1990.
Analysis of the ftz upstream element: germ layer-specific enhancers are
independently autoregulated. Genes Dev. 4, 1224–1239.
Pick, L., Shultz, J., Anderson, W.R., Woodard, C.T., 2006. The Ftz-F1 family:
orphan nuclear receptors regulated by novel protein–protein interactions. In:
Taneja, R. (Ed.), Nuclear Receptors in Development. Elsevier.
Rubin, G.M., Spradling, A.C., 1982. Genetic transformation of Drosophila with
transposable element vectors. Science 218, 348–353.
Schier, A.F., Gehring, W.J., 1992. Direct homeodomain–DNA interaction in the
autoregulation of the fushi tarazu gene. Nature 356, 804–807.
Schier, A.F., Gehring, W.J., 1993. Analysis of a fushi tarazu autoregulatoryelement: multiple sequence elements contribute to enhancer activity. EMBO
J. 12, 1111–1119.
Schwartz, C.J.E., Sampson, H.M., Hlousek, D., Percival-Smith, A., Copeland,
J.W.R., Simmonds, A.J., Krause, H.M., 2001. FTZ-Factor 1 and fushi tarazu
interact via conserved nuclear receptor and coactivator motifs. EMBO J. 20,
510–519.
Scott, M.P., O'Farrell, P.H., 1986. Spatial programming of gene expression in
early Drosophila embryogenesis. Annu. Rev. Cell Biol. 2, 49–80.
Scott, M.P., Weiner, A.J., 1984. Structural relationships among genes that
control development: sequence homolgy between the Antennapedia, Ul-
trabithorax, and fushi tarazu loci of Drosophila. Proc. Natl. Acad. Sci.
U. S. A. 81, 4115–4119.
Segalat, L., Berger, G., Lepesant, J.A., 1994. Dissection of the Drosophila
pourquoi-pas? promoter: complex ovarian expression is driven by distinct
follicle cell- and germ line-specific enhancers. Mech. Dev. 47, 241–251.
Simin, K., Scuderi, A., Reamey, J., Dunn, D., Weiss, R., Metherall, J.E., Letsou,
A., 2002. Profiling patterned transcripts in Drosophila embryos. Genome
Res. 12, 1040–1047.
St. Johnston, D., Nusslein-Volhard, C., 1992. The origin of pattern and polarity
in the Drosophila embryo. Cell 68, 201–219.
Stathopoulos, A., Levine, M., 2004. Whole-genome analysis of Drosophila
gastrulation. Curr. Opin. Genet. Dev. 14, 477–484.
Stathopoulos, A., Van Drenth, M., Erives, A., Markstein, M., Levine, M., 2002.
Whole-genome analysis of dorsal–ventral patterning in the Drosophila
embryo. Cell 111, 687–701.
Suzuki, T., Kawasaki, H., Yu, R.T., Umesono, K., 2002. Segmentation gene
product Fushi tarazu is an LXXLL motif-dependent coactivator for orphan
receptor FTZ-F1. Proc. Natl. Acad. Sci. U. S. A. 98, 12403–12408.
Tautz, D., Pfeifle, C., 1989. Chromosoma 98, 81–85.
Telford, M., 2000. Evidence for the derivation of the Drosophila fushi tarazu
gene from a Hox gene orthologous to lopotrochozoan Lox5. Curr. Biol. 10,
349–352.
Tomancak, P., Beaton, A., Weiszmann, R., Kwan, E., Shu, S., Lewis, S.E.,
Richards, S., Ashburner, M., Hartenstein, V., Celniker, S.E., Rubin, G.M.,
2002. Systematic determination of patterns of gene expression during
Drosophila embryogenesis. Genome Biol. 3, 0088.1–0088.14.
Tracey, W.D., Ning, X., Klingler, M., Kramer, S.G., Gergen, J.P., 2000.
Quantitative analysis of gene function in the Drosophila embryo. Genetics
154, 273–284.
Ueda, H., Sonoda, S., Brown, J.L., Scott, M.P., Wu, C., 1990. A sequence-
specific DNA-binding protein that activates fushi tarazu segmentation gene
expression. Genes Dev. 4, 624–635.
Ueda, H., Sun, G.-C., Murata, T., Hirose, S., 1992. A novel DNA-binding motif
abuts the zinc finger domain of insect nuclear hormone receptor FTZ-F1 and
mouse embryonal long terminal repeat-binding protein. Mol. Cell. Biol. 12,
5667–5672.
Wakimoto, B.T., Turner, F.R., Kaufman, T.C., 1984. Defects in embryogenesis
in mutants associated with the antennapedia gene complex of Drosophila
melanogaster. Dev. Biol. 102, 147–172.
Walter, J., Dever, C.A., Biggin, M.D., 1994. Two homeodomain proteins bind
with similar specificity to a wide range of DNA sites in Drosophila
embryos. Genes Dev. 8, 1678–1692.
Yu, Y., Li, W., Su, K., Han, W., Yussa, M., Perrimon, N., Pick, L., 1997. The
nuclear hormone receptor FTZ-F1 is a cofactor for the Drosophila
homeodomain protein Ftz. Nature 385, 552–555.
Yu, Y., Yussa, M., Song, J., Hirsch, J., Pick, L., 1999. A double interaction
screen identifies positive and negative ftz gene regulators and Ftz-interacting
proteins. Mech. Dev. 83, 95–105.
Yussa, M., Lohr, U., Su, K., Pick, L., 2001. The nuclear receptor Ftz-F1 and
homeodomain protein Ftz interact through evolutionarily conserved protein
domains. Mech. Dev. 107, 39–53.
